Background-The main ECG criteria for the diagnosis of long-QT syndrome (LQTS) include abnormal T-wave morphology as well as prolonged QT interval. The T wave in LQTS probably includes additional components of the myocardial repolarization process, which are derived from aberrant ion currents. We investigated whether independent component analysis (ICA) can extract such abnormal repolarization components. Methods and Results-Digital ECG data were obtained as a time series from 10 channels using 20 surface electrodes in 22 patients with genetically confirmed LQTS type 1 (LQT1) and 30 normal subjects. In each case, T-wave area was analyzed by radical ICA after noise reduction by the wavelet thresholding method. Furthermore, inverse ICA was applied to determine the origin of each independent component (IC). Radical ICA revealed that a T-wave consisted of 4 basic ICs in all control subjects, whereas Ն5 (mostly 6) ICs were identified in all 22 patients with LQT1. The extra ICs, which were not evident in normal subjects, were assumed to contribute to the formation of abnormal T-wave morphology. The extra ICs were identified even in patients with normal QTc values and in those taking ␤-blockers. Inverse ICA indicated that the additional ICs originate predominantly from the late phase of the T wave of the left ventricle. Conclusions-Extra ICs appear during repolarization in all patients with LQT1 but not in normal subjects. ICA is a potentially useful multivariate statistical method to differentiate patients with LQT1 from normal subjects. (Circ Arrhythm Electrophysiol. 2011;4:456-464.)
O ne of the main criteria used for the diagnosis of long-QT syndrome (LQTS) is QT-interval prolongation on the ECG. However, the end of the T wave sometimes is difficult to identify, and the QT interval fluctuates depending on the heart rate, status of the autonomic nervous system, and medications. The QT interval is not necessarily prolonged even in genotype-confirmed LQTS. 1, 2 Another important diagnostic finding on ECG is aberrant T-wave morphology, although its analysis is largely qualitative. 2, 3 The T wave represents the summation of the repolarization process of ventricular myocardial cells, and the presence of myocardial cells with malfunctional ion channels distorts the T-wave morphology. 4 We hypothesized that other components related to the abnormally long myocardial repolarization process are included in the T wave of LQTS. To investigate the nature of such T-wave components, we analyzed the T-wave area of digitized ECG in patients with LQTS type 1 (LQT1) by independent component analysis (ICA), and the results were compared with those of healthy control subjects.
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ICA is a recently developed multivariate statistical method capable of extracting source signals from the observed signals under the assumption that an observed signal is a linear mixture of non-Gaussian source components, which are independent of one another. 5, 6 The ICA has been applied to analysis of complex phenomena in many scientific, social, and economic fields. 7 When ICA is applied to digitized ECG data, its merit is that multiple original signals of myocardial depolarization or repolarization can be extracted from the observed PQRST waveforms. On the other hand, one of the drawbacks of ICA is that the results tend to be influenced by the presence of noise, making it difficult to exclusively extract significant independent components (ICs). 8 On the ECG, some unavoidable noise exists, including that generated by respiratory movement and muscle contraction, in addition to extrinsic noise, such as that from electric waves. To filter these, we applied the wavelet thresholding method 9, 10 to the digitized ECG before ICA to effectively reduce noises. Furthermore, inverse ICA (i-ICA), an algorithm originally developed by 1 of the authors (Y.I.), 11 was applied to the results of ICA to determine the origin of each IC extracted by the ICA that comes from the original surface. The i-ICA also was used to verify that each IC contributed significantly to the composition of the T wave and not derived from noise.
Methods

Subjects
We studied 22 patients (meanϮSD age, 21.6Ϯ13.3 years) with genetically confirmed LQT1 (by KCNQ1 gene mutation) and 30 age-matched healthy control subjects free from cardiovascular diseases. None of the subjects of the latter group were taking medications with electrophysiological effects. The study protocol was approved by the Ethics Committee of the University Hospital of Tsukuba (Ibaraki, Japan), and informed consent was obtained from each patient or parents if the patient was aged Ͻ15 years. Thirteen of the 22 patients with LQT1 had a history of syncope, convulsions, or previous demonstration of ventricular tachycardia on ECG, and 13 patients were being treated with oral ␤-blockers of whom 4 combined this with mexiletine or verapamil after the ECG recording (Table) .
The T-wave morphology on the standard 12-lead ECG was classified according to the format proposed by Zhang et al. 2 They described 4 different T-wave morphologies characteristic for LQT1, including infantile type, broad-based type, normal-appearing type, and late-onset normal-appearing type.
Sampling of ECG Data
The ECG was recorded as time series data using an ECG amplifier (MA1000; TEAC; Tokyo, Japan). The time constant was set at 3.0 seconds. Signals were recorded from 10 channels using 20 silversilver chloride surface electrodes. Channel 1 was set as lead I; channel 2 as lead II; channel 3 as lead III; channels 4 to 9 as bipolar leads from chest to left leg, each corresponding to C1 to C6 of conventional 12-lead ECG; and channel 10 as 4C9, representing a bipolar lead from the fourth intercostal space on the left spine border of the back to the fourth intercostal space at the left sternal border of the forechest. In each subject, the recorded data were digitized online with an A/D converter (EC-2360; Elmec; Tokyo, Japan) at a sampling rate of 1024 Hz and saved in a notebook computer as a data file for future analysis. The data of C1 to C6 were converted into V1 to V6 using the following formula to produce ECG images: ViϭCiϩ(IIϩIII)/3, where iϭ1 to 6.
ECG Data Analysis
The methods used for data analysis comprised the following 4 main steps: (1) noise reduction by wavelet thresholding method 9,10 (ie, 
ACA indicates aborted cardiac arrest; BB, ␤-blocker; IC, independent component; mexil, mexiletine; (n), negative wave; TdP, torsade de pointes; verap, verapamil; VT, ventricular tachycardia.
*T-wave type on original ECG according to the classification by Zhang et al 2 as follows: a indicates infantile type; b, broad-based type; bifid, bifid T wave usually observed in long-QT syndrome type 2; c, normal-appearing type; d, late-onset normal-appearing type; d?, type d is possible. †Leads on original ECG from which each extra IC originated, with the maximum origin being presented as max.
approximation by wavelet), (2) radical ICA 8 with the additive random noise, (3) selection of the best model from the results of repeated ICAs, and (4) i-ICA for determination of the origin of each IC. The methods of these 4 steps used in the present study are described fully in the expanded Methods section in the online-only Data Supplement.
Noise Reduction by Wavelet Thresholding Method
To reduce noise before ICA, the hybrid threshold method (a combination of the universal threshold method and Stein unbiased risk estimate threshold method) was applied to the T-wave area (from the J point to the onset of the next P wave) of the digitized ECG. In this process, 4 types of wavelets were used, from which 1 with a maximum resolution level and best approximation to the original ECG was selected (online-only Data Supplement Figure 1 ). That the shape of the approximated data corresponded to the original data was confirmed by verifying each peak and flexion point of the T wave using the inverse wavelet transformation technique for each lead ( Figure 1 ).
Radical ICA With the Additive Random Noise
The approximated data were analyzed by radical ICA. To improve the performance of ICA and, specifically, to avoid falling into the local extrema, we used the additive random noise, which was generated in multiples of the SD of the given data. The size of the additive noise had 10 values of SD, and radical ICA was repeated 16 times for each SD size, making the total times of ICA 160 for each case (online-only Data Supplement).
Selection of the Best Model From the Results of Repeated ICAs
To select the best model from the 160 results of ICA in each case, 3 indices of each ICA were calculated: Amari error, 12 relative mutual information, and the fourth-order cumulants. 13 We then used the model-based clustering function (mclust method), 14, 15 which is an R (a free software environment for statistical computing and graphics) package for normal mixture modeling through expectation maximization, model-based clustering, discriminant analysis, and density estimation. The results of ICA with these 3 variables were classified into Ն2 clusters by the mclust method 14, 15 to select the most appropriate model for the data (online-only Data Supplement Figure  2 ). The noise reduction by the wavelet thresholding method (hybrid threshold method), 9,10 the radical ICA, and the mclust method was performed with R software.
i-ICA for Determination of Origin
The i-ICA is an original method developed by 1 of the authors (Y.I.) 11 (online-only Data Supplement) and was applied to the results of ICA to investigate the origin of each T-wave component extracted by ICA (ie, the distribution of each component on the observed surface ECG). Through this analysis, we also confirmed that each IC was a significant T-wave component, not a noise, and thus, the number of ICs could be determined in each case.
Results
Noise Reduction by Wavelet Thresholding Method
Noise reduction (ie, approximation of the data) by wavelet thresholding method could be appropriately applied to all cases and was useful for the following ICA (online-only Data Supplement). Figure 1 shows a typical noise-reduction technique in a normal subject.
ICA and i-ICA in Normal Subjects
The best model was selected from 160 times ICA based on the 3 indices mentioned previously followed by the mclust method. (Details of the selection of the best model by mclust method are provided in the online-only Data Supplement.) Because the number of ICs does not theoretically exceed the number of data (ECG leads), 10 ICs at maximum were obtained by ICA in each case ( Figure 2 ). However, in all 30 normal subjects, the T wave of the best model comprised 4 Figure 3 and online-only Data Supplement Figure 3 . In the next step, we applied i-ICA to the results of ICA in order to recognize the local distribution of each IC on the original ECG ( Figure 3 ). Early-T became the maximum in the vicinity of V3 and V4 and formed the early phase of the T wave. Late-T was the main contributor to the V5 waveform. The middle-T occupied the area between early-T and late-T. Pre-T existed in the early phase of early-T in V3 and V4 (Figure 3 , online-only Data Supplement Figure  3 ), although this IC was not always extracted. When absent, a small positive wave (last-T) instead of pre-T appeared after late-T in V4 to V6, making the number of ICs 4 in all normal subjects.
ICs. Those ICs were arbitrarily called pre-T, early-T, middle-T, and late-T, in the order of their appearance. A typical example is presented in
ICA and i-ICA in LQT1
The number of ICs of the best model that formed the T wave was Ն5 in all 22 patients with LQTS. Five ICs, 6 ICs, and 8 ICs were extracted in 14 patients, 7 patients, and 1 patient, respectively (Table) . These ICs comprised the 3 previously mentioned normal ICs (ie, early-T, middle-T, and late-T) and Ն2 additional ICs. We call the latter extra ICs ExT1, ExT2, and ExT3. ICs extracted from the T wave in LQTS are shown Table. In most cases, the origin of ExT1 was the middle part of the T wave in V1 to V6, with the maximum origin in V2 to V5, and that of ExT2 was the late phase of the T wave mainly in V3 to V6. In cases with 3 extra ICs, the origin of ExT3 was exclusively the last part of the T wave mainly in V1 and sometimes in the left precordial leads. Among patients with the same gene mutation type (mainly family members), the constitution of the T wave was similar to one another; for example, the 3 subjects with the mutation V254M and the 2 with R518G showed similar ICs and their origins as well as the same type of T wave described by Zhang et al 2 (Table) .
Even among 13 patients with LQT1 who were being treated with a ␤-blocker, 4 of whom also were being treated with verapamil or mexiletine, Ն5 ICs were extracted. In those with apparently normal QT intervals (patients 16, 19, and 20) , extra ICs also were extracted. Patient 20 (Table) with normal QTc values under treatment with a ␤-blocker is presented in Figure 4 (see also online-only Data Supplement Figure 4) . On the other hand, among 13 symptomatic patients, 5 ICs, 6 ICs, and 8 ICs were extracted from 9, 3, and 1, respectively, indicating that the number of extra ICs was not related to susceptibility to arrhythmias.
The classification of the types of T-wave morphology according to Zhang et al 2 are presented in the Table. Patients with the broad-based or normal-appearing T-wave morphologies tended to have 5 ICs, and those with the infantile or bifid ones tended to have 6 ICs (Table) .
Discussion
The present study demonstrated for the first time, to our knowledge, that the T wave in normal subjects consists of 4 ICs, whereas those in LQTS comprised Ն5 (mostly 6) ICs, when ICA is applied to the T-wave area (ie, from the J point to the onset of the next P wave). In other words, Ն2 extra components were detected in LQTS in addition to the normal ICs present in LQTS (early-T, middle-T, and late-T). In LQTS with 5 ICs, summation of early-T, middle-T, and late-T made a distinct wave, and that of the other 2 waves (ExT1 and ExT2) provided another distinct wave. These 2 summated waves clearly divided each other. Therefore, the number of ICs of normal T waves was considered 3 instead of 4, and the other 2 waves were considered extra. Similarly, the T wave comprised 3 normal ICs and 3 extra ICs in LQTS with 6 ICs. It is noteworthy that patients with LQTS were clearly differentiated from normal subjects by the number of ICs. Furthermore, patients with LQT1 who showed normal QT intervals on the surface ECG (patients 16, 19, and 20) (Figure  4 , Table) or those who were taking ␤-blockers also had additional ICs of the T wave (Table) . However, unbiased estimates of the sensitivity and specificity of the method for the differentiation between patients with LQT1 and normal subjects should be obtained in an independent validation group with a large number of subjects.
We arbitrarily termed each T-wave component detected in the normal subjects as pre-T, early-T, middle-T, and late-T, and those observed only in patients with LQT1 as ExT1, ExT2, and ExT3…ExTn. The additional ICs were demonstrated by i-ICA to be located largely in the middle (ExT1) and late phase (ExT2 and ExT3) of repolarization, forming the second half or the last part of the T wave. The origin of ExT1 was estimated to be widely distributed to V1 to V6 and those of ExT2 and ExT3 were mainly to V3 to V6, suggesting the presence of many myocardial cells that express malfunctional potassium channels due to KCNQ1 mutation in the left ventricle.
Although the origins of extra ICs could not be clearly confined to a specific area, this distribution tendency is consistent with the results of a canine model study in which after-contraction that precedes torsade de pointes arises in the left ventricle. 16 Table) . A, The 12-lead standard ECG, showing normal QTc (426 ms) and normal T-wave morphology. B, Results of independent component analysis (ICA) and inverse ICA. Although a ␤-blocker was being administered and the QT interval was normal, 5 ICs were extracted. The seventh-time ICA of the SD 0.7 group of fk22d6 was assumed to be the best model according to the rule described in the Methods section. The waveforms here are presented in the same way as in Figure 3 . B1, IC3 was early-T, similar to that observed in normal T. B2, IC8 existed between IC3 (early-T) and IC1(late-T), and was named middle-T as in normal T. B3, IC1 formed the second half of the T wave in V1 to V2 and the middle part or the first half of the T wave in V3 to V6 (named late-T). B4, IC2 appeared later than IC1 (late-T) as the fourth wave in the time series, showing the maximum value at V4, and formed the latter half of left precordial leads (named ExT1). B5, IC4 appeared later than IC2 (ExT1) (named ExT2) as an inverted T wave with a small amplitude in V1. The maximum amplitude was observed in V4. It was confirmed to be located over V3 to V6 on the original ECG. IC indicates independent component. Table) . A, The 12-lead standard ECG showing prolonged QTc (488 ms). B, Results of independent component analysis (ICA) and inverse ICA. The seventh-time ICA of the SD 0.7 group of la20d5 by the mclust method was selected for the best model of this LQTS according to the rule described in the Methods section. The waveforms in each part are presented in the same way as in Figure 3 . B1, IC4 was early-T, appearing as the first small wave in the right precordial leads similar to that observed in normal T. B2, IC2 was middle-T, being located at the position from the early to middle period in the right precordial leads. B3, IC8 appeared as the third wave, forming the latter half of the T wave in the right precordial leads (late-T). B4, IC1 appeared as the fourth wave and formed the inverted T wave in the right precordial leads as well as in the latter half of the T wave in the left precordial leads. This IC was ExT1 not observed in normal T waves. B5, IC3 appeared sequentially as the fifth wave, forming the latter half of the inverted T wave in the right precordial leads V1 to V2 as well as in the last part of T wave in the left precordial leads. This IC was ExT2 and not observed in normal T waves. B6, IC10 appeared as the sixth single wave, comprising the last triangle portion of the T wave in the right precordial leads. This IC was ExT3 and not observed in the normal T waves. Although the normal T wave in some healthy control subjects resembled the Aries symbol in lead V2, the last triangle existed not in normal subjects but in patients with LQTS as a single IC. IC indicate independent component.
